Cardiovascular disease is the leading cause of death in the Western world. The incidence of cardiovascular disease is predicted to further rise with the increase in obesity and diabetes and with the aging population. Even though the survival rate from ischaemic heart disease has improved over the past 30 years, many patients progress to a chronic pathological condition, known as cardiac hypertrophy that is associated with an increase in morbidity and mortality. Reactive oxygen species (ROS) and calcium play an essential role in mediating cardiac hypertrophy. The L-type calcium channel is the main route for calcium influx into cardiac myocytes. There is now good evidence for a direct role for the L-type calcium channel in the development of cardiac hypertrophy. Cysteines on the channel are targets for redox modification and glutathionylation of the channel can modulate the function of the channel protein leading to the onset of pathology. The cysteine responsible for modification of L-type calcium channel function has now been identified. Detailed understanding of the role of cysteines as possible targets during oxidative stress may assist in designing therapy to prevent the development of hypertrophy and heart failure.
| INTRODUCTION
The term cardiovascular disease refers to the disease of the heart and blood vessels. Cardiovascular disease is the leading cause of death in the Western world. Approximately 17.3 million people died from cardiovascular disease in 2013, accounting for 30% of all deaths globally, of which 7.3 million people died due to ischaemic heart disease.
1
Ischaemic heart disease is the leading cause of mortality and morbidity. It occurs due to the inadequate supply of myocardial oxygen and blood. 2 Survival rates from ischaemic heart disease have improved over the past decades, but many survivors progress to a chronic pathological condition, known as cardiac hypertrophy that is an independent risk for increased mortality according to the Framingham Heart Study. [3] [4] [5] Previous studies have shown that reactive oxygen species (ROS) and calcium play a significant role in mediating the onset of cardiac hypertrophy. 6 ROS are recognised as activators of various signalling pathways associated with the development of pathophysiologic cardiac conditions. 7 ROS can alter numerous cellular functions by altering the redox state of key proteins, 8 such as ion channels.
Oxidative stress is associated with an increase in intracellular Ca 2+ , a second messenger that activates transcription factors, resulting in increased protein synthesis, thereby leading to cardiac myocyte remodelling and hypertrophy. [9] [10] [11] [12] [13] The L-type Ca 2+ channel is the main route for Ca 2+ -influx into the cardiac myocytes, and it has been proposed to play a significant role in the development of cardiac hypertrophy. This review discusses the contribution of ROS and Ca 2+ in cardiac physiology and in the development of pathological conditions of the heart with particular reference to the role of cysteines on the cardiac L-type Ca 2+ channel in mediating oxidative stress responses.
| ROLE OF REACTIVE OXYGEN SPECIES IN CARDIAC FUNCTION
Reactive oxygen species such as superoxide anion (O 2 •− ) and hydroxyl radical ( • OH) are extremely reactive molecules because of their unpaired electrons. Superoxide is the primary form of ROS, formed by the one electron reduction of molecular oxygen.
Mitochondria are a significant source of superoxide production in mammalian cardiac myocytes, 7, 14 because ROS are produced as a by-product of mitochondrial oxidative phosphorylation.
ROS
can also be produced outside the mitochondria from a number of cytosolic enzymes including xanthine oxidase and NAD(P)H oxi- Reactive oxygen and nitrogen species are key elements of many cell signalling pathways.
Under physiological conditions, ROS concentrations are tightly controlled by antioxidants. The low intracellular concentration of ROS in the range of 0.001-0.5 μmol/l enables their role as second messengers in signal transduction and physiological cell signalling. 19, 20 Oxidative stress is defined as an imbalance between ROS production and the cell's antioxidant defence, leading to an altered redox status. 16, 21 It is caused by diminished levels of antioxidants and co-factors or by increased production of ROS.
22
A slight increase in the intracellular concentration of ROS
(1-10 μmol/l) causes mild oxidative stress (a sub-lethal concentration)
where the cell can adapt to the changed environment. neurons. 43, 44 An increase in the diastolic Ca 2+ is sufficient to contribute to phenotypic remodelling that leads to the development of hypertrophy. [45] [46] [47] [48] Alterations in calcium influx as a result of overexpression of the L-type Ca 2+ channel is sufficient to initiate the development of hypertrophy. 49 This leads to activation of calcium-calmodulin-CaMKII-HDAC (histone deacetylase) and calcium-calmodulin-calcineurin-NFAT that are recognised as two major Ca
2+
-dependent hypertrophic signalling pathways.
31

| VOLTAGE-GATED CALCIUM CHANNELS IN THE HEART
Two types of voltage-gated calcium channels are observed in cardiac myocytes. 50 The T-type calcium channel is expressed in embryonic heart but has limited expression in adult cardiac myocytes. It plays a significant role in controlling the pacemaker activity of the sinoatrial node. The abundant L-type Ca 2+ channel is the main route for Ca 2+ influx required for excitation-contraction coupling. Large conductance L-type Ca 2+ channel is activated by high depolarization pulses allowing calcium ion entry into the cytosol.
51
They possess selective dihydropyridine sensitivity, activated by the dihydropyridine Ca 2+ channel agonist (S)-(−)-Bay K8644, and inhibited by dihydropyridine Ca 2+ channel antagonists nisoldipine, nifedipine and nitrendipine. The L-type Ca 2+ channel is a heterotetrameric polypeptide complex consisting of a pore forming α1 subunit (~240 kDa), an intracellular β subunit (~70 kDa), and extracellularly located disulphide linked α2/δ subunit (~130 kDa). 52 The α1, α2/δ and β2 subunits are mostly found in excitable cell types.
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The α1 subunit of the Ca 2+ channel has four homologous motifs (I-IV), each composed of cytoplasmic NH3 and COOH terminal domains, six membrane-spanning α-helices, termed S1 to S6, linked by variable length cytoplasmic loops (linkers). 54 The S5-S6 is the ion selective pore region, S4 is the voltage sensor segment, and binding site for drugs altering the function of the channel. 55 To date, 10
genes have been identified coding α1 subunit proteins classified into four classes: Cav1.1 (α1S), 1.2 (α1C), 1.3 (α1D) and 1.4 (α1F).
The α1C subunit is mainly expressed in cardiac muscle, encoded by CACNA1C gene. 53 The β subunit is a supplementary subunit, which is strongly bound to cytoplasmic linkers between motifs I and II of cardiac α1C, also known as the alpha interacting domain (AID). The β subunit plays a crucial role in controlling activation and inactivation kinetics and open probability of the channel. It is also important in the trafficking of the α1C subunit into cell membrane. 56 The N-terminus of α1C plays a role in channel voltage-gating [57] [58] [59] and protein kinase C modulation. 60 The long intracellular C-terminus 
| ROLE OF CYSTEINES IN THE ALTERED REDOX STATE OF PROTEINS
Cysteines are unique amongst the amino acids because they contain a reactive sulphhydryl or thiol (SH) group. Crosslinking (creation of a disulphide bond) between two cysteine residues may form between various parts of the same protein or between two separate polypeptide chains. 81 The formation of a disulphide link is associated with the folding of a protein (and alteration in structure) and is assisted by the enzymes thioldisulphide oxidoreductase and protein disulphide isomerise. 68 Cysteine residues are the preferred targets for redox or nitrosylation modification on proteins as free thiols can easily react with ROS or Reactive Nitrogen Species. 70 Changes in the redox state of the protein results in formation or disruption of disulphide bonds between the thiol/SH groups of cysteines. Protein sulphhydryls can be oxidized to protein disulphides, sulphenic acids and highly oxidized states such as sulphinic and sulphonic acid forms.
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In cysteine-rich proteins, the oxidation state of sulphhydryl groups of cysteine residues determines the structure and function of proteins. The reduction-oxidation state of proteins plays a significant role in ionic homeostasis, cellular host defence and cellular metabolism. Thiol oxidizing and reducing agents are used to detect the redox sensitivity of proteins.
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| UNDERSTANDING THE STRUCTURE-FUNCTION RELATIONSHIP THROUGH REDOX MODIFICATION OF CYSTEINES
Intramolecular disulphide bonds preserve the structural integrity of cysteine-containing proteins, determining the folding and structural balance of ion channels, ion regulatory proteins, transporters and pumps. 
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High resolution analysis of a three-dimensional protein structure is usually determined by X-ray crystallography or nuclear magnetic resonance techniques. Circular dichroism spectroscopy is also used in protein structural studies, to identify small peptides, or specific parts of more complex proteins, such as α-helix, ß-sheet and random coil, using their characteristic circular dichroism spectra. Although these methods have been successfully used for determining the structure, stability and ligand binding of many proteins, the size, solubility, and low expression level of a protein can limit the use of these techniques for studying large molecular complexes, especially membrane proteins. 92 The three-dimensional structure of many mammalian calcium channels remains unknown.
Fluorescent spectroscopy is an alternative method for examining protein structure detecting autofluorescent amino acids such as tryptophan/tyrosine or using specific fluorescent dyes such as 8-anilino-1-naphthalene sulphonate (ANS), 93 SYPRO Orange, 94 4,4′-bis (1-anilinonaphthalene 8-sulphonate) (bis-ANS), 95 or N-[4-
These fluorescent dyes either bind covalently to the thiol group of cysteines, α-amino group of the N-terminus, ε-amino group of lysines or non-covalently to the hydrophobic and electrostatic regions. 97 
| CONCLUSION AND FUTURE DIRECTIONS BASED ON IDENTIFICATION OF THE CRITICAL CYSTEINE
Average lifespan is continuously increasing as well as the occurrence of age-associated diseases. As the Framingham Heart Study and the Baltimore Longitudinal Study on Aging demonstrated, the heart is particularly affected by aging. 4, 5, 105, 106 The health burden associated with patients living with heart disease is increasing with the aging population the development of new therapies for the prevention of cardiac hypertrophy and heart failure is critical to reduce the significant cost to individuals and to society. Cardiac aging is associated with declined cardiac function, apoptosis, cardiac remodelling, making the heart more vulnerable to stress.
Many studies demonstrated mitochondrial dysfunction and as a consequence altered ROS production in aging heart.
107,108
The L-type calcium channel is the main route for calcium influx into cardiac muscle cells and is essential for excitation and contraction. It is well recognised that the native channel can respond to changes in cellular redox state and this mediates changes in intracellular calcium that are associated with the development of heart failure in the ischaemic human heart. However it was unknown whether this was due to direct modification of thiol groups on the channel protein since contradictory responses have been reported in channels in cardiac myocytes or in expression systems. Recent studies have identified that the function of the purified ion con- 
